Abstract. The analysis of atmospheric circulation anomalies related to snowfall eVents on Sajama volcano (Bolivian Andes) provides important information for the calibration of an ice core, recently recovered from the summjt. Seventeen precipitation episodes were recorded on Sajama volcano during the 1996/1997 summer season (November 1996 to Marcb 1997) by snow depth sensors and additional measurements of an automatic weather station located on the summit. The analysis of atmospheric circulation patterns during these events is pased on zonal and meridional wind, air temperature, relative humiqity, geopotential height and horizontal divergence at three pressure levels (400, 500, and 700 hPa levels), atmosphenc thickness (700 hPa-400 hPa), and precipitable water (vertically integrated), all extracted from the National Centers for Enyironment;tl Prediction (NCEP) data set. Highly convective situaUons prevailed through most of December and January, with strong vertic.al motion over the Bolivian Altiplano. In Febl1lary and March, increased moisture advection from the east occurred in midtropospheric levels. These results are confirmed by isobaric 5-day back trajectories and transit time analysis at the 400 hPa level. The extremely southern position of the upper air high-pressure system ("Bolivian High") in February and March is the main reason for the unusually high precipitation amounts on the Altiplano in 1996/1997. Highly variable patterns of atmospheric circulation can lead to snowfall on Sajama during the SlImmer months.
Introduction
During June and July 1997, two complete ice core records of -130 m were recovered from the Sajama volcano (6542 m, 18°06'S, 68°53'W), a tropical ice cap in the dry, western Bolivian Andes (Figure 1 ) (L.G. Thompson, personal communication, 1997) . Paleorecords from tropical glaciers have provided excellent information about past environmental conditions and climatic variability in the tropics. They have revealed hitherto undocumented periods of tropical climatic anomalies, prolonged droughts with severe impacts on human societies [Thompson et aI., 1988] evidence for climatic disturbances-such as EI Nino [Thompson et al., 1984] , the Little Ice Age [Thompson et ai., 1986] , and the Younger Dryas [Thompson ei aI., 1995] . These records enable us to put contemporary climatic conditions in the high mountains of the tropics into a longer-term and larger-scale perspective. Recent analyses also show that proxy records from the tropics might even be more relevant mid representative of global mean annual temperature than records from higher latitudes [Bradley, 1996] . . Unfortunately, the interpretation of climatic signals from tropical ice cores has often suffered from a lack or poor quality of climatic information, required for an accurate calibration of the geochemical signals within the ice. As a result, the climatic signals, represented by the variation of microparticles (dust), concentration of chemical species (Cr, N0 3 , SO~), Copyright 1998 by the American Geophysical Union.
Paper number 98JD0Q681. 0148-0227/98/98JD-00681$09,00 precipitation amount (water equivalence), and stable isotope content (& 18 0, ~D) are still poorly understood. Of particular interest are isotopic variations in snowfall which have been important in interpreting paleoclimatic conditions based on ice cores from Antarctica and Green~and. However, at present there is an inadequate understanding of the climatic significance of isotopic variations (a 18 0, SD) iil low-latitude ice COre records.
As shown by Aravena et al. [1989] and Grootes et al. [1989] , knowledge of the transport history of humid air masses preceding' snowfall events is a prerequisite for an aGcurate calibration. The model established by Grootes et at. [1989] to analyze the ~180-record from tlte Quelccaya ice cap, Peru, cannot be applied to the Sajama core however, because the transport history of water vapor precipitating on Sajama is different from Quelccaya. Sajama is located in the dry western Cordillera at the very southern edge of the tropics, separated from the Amazon Basin by the the eastern.Cordillera Real and the high Andean Plateau (Altiplano) and is therefore influenced by tropical circulliltion only during the summer months. The main rainy s~ason is restricted to the months of December to March (Figure 1 ). In contrast to Quelccaya, during winter, Sajama. is dominated by a strong and constant northwesterly flow (D. R. Hardyet al., Annual and daily meteorological cycles at high altitude on a tropical mountain, submitted to Bulletin of the American Meteorolog~cal Society, 1998 (hereinafter referred to as H98»), as are" stilt of the northward shift of the westerly circulation, which occasionally leads to snowfall when cold frontal systems Of cutoff lows penetrate into the' Altiplano region [Yuille and Ammann, 1997] . Therefore different moisture SourceS have to be Gonsidered when analyzing stable isotopl!s on Sajama. Ac-cordingly, the identification of moisture sources, transport velocity, and moisture exchange processes (precipitation, evaporation, and evapotranspiration) preceding snowfall events on Sajama is crucial to obtain an accurate calibration.
Here we present an analysis of midtropospheric circulation, transport history, and moisture source detection associated with snowfall events recorded on the Sajama summit during the first rainy season (November 1996 to March 1997 . An automatic weather station, installed in October 1996 on the summit near the drilling site, is providing us with automatic hourly measurements of snow accumulation and ablation on Sajama via telemetry (H98). These data allow us to identify single snowfall events and to relate them to the atmospheric circulation above the Altiplano. By digging snow pits and analyzing each snowfall layer in detail for its geochemistry, we will be able to understand atmospheric sources of geochemical variability. In these terms this study is complementary to the one presented by H98 where the annual and daily cycles of climate on the Sajama summit are analyzed.
In the next section we provide a description of the climatic characteristics associated with summer precipitation events over the southern Altiplano and present a brief summary of the present understanding of the atmospheric circulation over tropical South America, related to these wet episodes. Section 3 is a discussion of the data and methods used, while section 4 presents the results of these analyses and discusses the mean summer circulation over tropical South America and the main
anomaly patterns that led to precipitation on Sajama during the 1996-1997 wet season. Section 5 is a discussion of the results from the previous section, showing how differences· in atmospheric circulation might account for different geochemical signals in the accumulated snow layers, while section 6 summarizes this study and presents some conclusions.
Precipitation Regime and Atmospheric
Circulation Over the Altiplano Figure I shows the monthly mean precipitation values for Sajama village (18.13°S, 68.98W, 4220 m) cloudiness nonnally increases rapidly between 1200 and 1700 LT, reaching a maximum around 1800, together with the maximum expansion of the tropospheric column, followed by a gradual decrease until midnight [Garreaud and Wallace, 1997] . Accordingly, precipitation shows a similar diurnal cycle, being most frequent between 1800 and 2200 [Aceituno and Montecinos, 1993] . Moisture advection is most pro- • r .
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nounced near the 500 hPI! level, about 1000 m below the Sajama summit and is nonnally accompanied by easterly winds in the surface and midtropospheric layers (P. Aceituno et al.,· Meteorological annual and daily cycles in the Chilean sector of the South American Altiplano, submitted to Revista Geofisica, 1997) . This moisture input, however, becomes' limited with increasing distance from the water vapor source which lies i.n the tropical lowlands to the east. As a result, precipitation amounts decrease from E to W across the Altiplano (Figure 1 ). Despite high daily solar radiation receipts throughout the summer months, precipitation occurs in discrete episodes rather than as a constant process [Aceituno and Montecinos, 1993] . This change from rainy to dry periods and vice versa is related to the upper air circulation, which plays a key role in sustaining or suppressing precipitation events over the Altiplano. lacobeit [1992] , analyzing 200 hPa wind fields during dry and wet summer months in a principal component analysis, emphasized the importance of strong easterly disturbances or upper air divergence over the Altiplano in order to sustain convection and precipitation. This upper air divergence is often related to an anticyclonic vortex, named the Bolivian High, due to its climatological position over the Bolivian Altiplano during the summer months. Aceituno and Montecinos [1993] were able to show that precipitation amounts oil the Altiplano were significantly higher when the Bolivian High was intensified and displaced south of its climatological position. This displacement of the High to the south of the Altiplano leads to enhanced easterly flow on its porthern side and increased moisture influx from the interior of the continent toward the Altiplano and Sajama region. On the other hand, dry periods over the Altiplano are normally related to either upper air convergence or strong westerly flow. The Bolivian High was first described by Schwerdtfeger [1961] , who related it to the. release of sensible and latent heat over the Altiplano. A model study by Silva Dias et al. [1983] showed that forcing by latent heat release over the Amazon Basin instead of the Altiplano could still reproduce many aspects of the Bolivian High and its position over the Altiplano as a southwestward propagating Rossby wave. While Rao and Erdogan [1989] . still attributed the Bolivian High to the release of sensible and latent heat over the Altiplano itself, new modeling studies have demonstrated that the Andes do not strongly affect the upper levels of the atmosphere during summer [e.g., Kleeman, 1989; Gandu and Geisler, 1991; Figueroa et ai., 1995; Lenters and Cook, 1997] . The climatological position of the Bolivian High indeed. seems to be related to a southwestward propagating Rossby wave with subsequent decay, generated by latent heat release over the Amazon Basin, rather than to a direct thermal influence of the Altiplano surface.
Data and Methods
Snowfall Episodes
Individual snowfall episodes were identified by analyzing the change in snow accumulation and ablation as recorded by the hourly measurements of two snow depth sensors from the automatic Sajama weather station (H98). Here, only events resulting in a net increase of the snow surface of 5 cm or more were considered. The 1996-1997 rainy season was unusually humid, resulting in a net accumulation of -4 m of snow on the summit of Sajama. At La Paz EI Alto, monthly precipitation totals between November and March ranged between 115 and 203% of normal. These above-average precipitation rates resulted in the burial of both snow-depth sensors on Sajama by snow, at the end of January. Precipitation periods for February and March were therefore determined from station data by the analysis of relative humidity, air temperature, and incoming short-wave radiation. It is clear from the events recorded prior to the burial of· the sensors that summer snowfall events on Sajama are characterized by sustained high relative humidity, minimal daily temperature amplitudes, and reduced incoming short-wave radiation. Additional information can be obtained by the comparison of incoming and outgoing short-wave radiation, as during snowfall, the sensor measuring incoming short-wave radiation normally becomes snow covered, resulting in unreasonable albedo values. Table 1 lists all snowfall episodes on Sajama either directly recorded or inferred during the 1996/1997 rainy season, and the associated amount of snowfall (until end of January only).
Atmospheric Circulation
Analysis of the atmospheric circulation before and during precipitation events was carried out using gridded upper air data from the National Centers for Environmental Prediction (NCEP). The data consist of a daily analysis at 0000 UTC (2000 LT), provided on 13 pressure levels, except for relative humidity (7 levels) and precipitable water (one vertically integrated value) on a 2.5° x 2.5° grid. Daily data were extracted from the original data sets for zonal wind, meridional wind, air temperature, geopotential height and relative humidity for the 700, 500, and 400 hPa pressure levels, and precipitable water, covering the area of South America (200N -60 0 S; 90 0 W -30°W). In addition, corresponding data sets were extracted for the daily and monthly long-term mean for November to March, computed from the 11 year period 1985-1995. Atmospheric thickness (400 hPa -700 hPa geopotential height) and horizontal divergence fields were then derived from the original data. Composite fields were computed in all three layers and for all parameters by averaging the daily data for each snowfall episode. The same approach was applied to the daily long-term mean data. Anomaly fields were derived for each event by subtracting the long-term mean from the 1996/1997 data.
The mean annual barometric pressure on the Sajama summit is -460 hPa, with hourly values ranging through the year only between 453 hPa and 464 hPa (H98). Therefore the emphasis of this study is on midtropospheric circulation patterns (400,500, and 700 hPa). The 400 hPa and 500 hPa pressure levels encompass Sajama and are thus ideal in order to analyze the circulation at the summit altitude. The 700 hPa level is a compromise between lower-level circulation (e.g., 850 hPa), where major moisture advection toward the Altiplano takes place, and higher levels (e.g., 600 hPa) which are above the Altiplano surface of 3500 -4000 m and characterize the mountain region in general. As a first approximation however, the 400 hPa and 700 hPa patterns can be considered as representative of upper and lower-level circulation.
Global data sets with a coarse spatial and temporal resolution might not be the best choice to analyze precipitation events recorded by a single weather station, especially in the tropics of the southern hemisphere, where such data sets seem to be less reliable [Trenberth and Olson, 1988] . However, validity of NCEP data pertaining to this study can be seen in Figure 2 , which illustrates the atmospheric conditions from NCEP data leading to precipitation events on Sajama. Time, series of the change in snow accumulation/ablation as recorded on Sajama (13 hour running mean from two sensors) is compared with a time-longitude cross section of 400 hPa level relative humidity at 17.5°S, the grid point closest to Sajama. The coincidence between snow accumulation (i.e., snowfall periods) and 'high humidity values is clear. In addition; such episodes are generally associated with large-scale changes in the atmospheric circulation over the Andes and can be traced in upper air soundings both to the east and to the west of the Andes. It should also be kept in mind that the goal of this study is to analyze the large-scale, midtropospheric circulation and motion of air masses, rather than single grid values above Sajama. On-site climatology and diurnal features such as daily temperature and pressure fluctuations cannot be resolved by the NCEP data, but they are perfectly monitored by our weather station (H98).
Airmass Trajectory Models and Transit Time Analysis
Despite substantial uncertainties, trajectory models are capable of identifying large source regions which may contribute material to the receptor location. To this end, 6 hourly, isobaric back trajectories over 5 days at the 400 hPa level were computed, yielding isobaric upwind air trajectories describing the 5 day pathways of air masses arriving every 6 hours during snowfall episodes on Sajama. Back trajectories provide a useful qualitative estimate of the general pathway of an advected air mass. They are an ideal tool to determine distant source regions and can help to assign typical geochemical compositions of precipitation episodes to a given synoptic weather pattern [e.g., Dorling et aI., 1992; Davidson et aI., 1993; Kahl et aI., 1997] . In principle, isentropic trajectories (where the air motions take place on surfaces with constant potential temperature) are preferable to isobaric trajectories (where the motion follows a surface of constant pressure) because they also include the vertical transport component. Isentropic trajectories are therefore more accurate, especially in baroclinic atmospheres, because of a better treatment of vertical motion. However, isobaric assumptions are tolerable when general pathways and large-scale moisture sources are considered, rather than 'single source-receptor relationships, and have successfully been applied over the Altiplano [e.g., Fuenzalida and Ruttlant, 1987] . The assumption that trajectory lines of any type provide a direct connection between a source and a receptor is problematical anyway [e.g. Kahl, 1993] . The choice of 5 day trajectories, although common, is somewhat arbitrary and rather short but was chosen because the accuracy decreases substantially with time [e.g., Haagenson et aI., 1987] . Besides assumptions about vertical motion, the accuracy of estimated trajectories is mainly limited by the temporal and spatial resolution of the meteorological data upon which the calculations are based. Here the daily NCEP wind field was linearly interpolated into 6 hourly time steps. Linear interpolation has been shown to yield superior results than the other interpolation methods [Kahl and Samson, 1988] . Spatial bilinear interpolation was applied to the wind field by resampiing the data into a lOx 1 0 grid. Individual displacements of air particles were then computed using the horizontal wind field according to ~t/J = v~t Figure 4h . Location of Sajama volcano (cross) is shown in Figure 4a .
With regard to the stable isotope content (l) 18 0), it is of special interest to analyze how fast transport in the midtroposphere occurs and where air particles spent most of their time before arriving over Sajama. Therefore a procedure known as transit time analysis [e.g., Davidson et al., 1993] was applied. A simple linear interpolation was used to determine the position of air masses for each hour during the 5 days of each trajectory. The set of hourly trajectory points was then sorted by lOx 1 0 grid squares, and the total number of hours corresponding to all trajectories belonging to the same episode was sUIIlIiled for each grid point. The cumulative density function for these hourly values was then determined, showing which values were above certain percentiles. Finally, isoline plots were drawn, enclosing all grid squares containing values greater than these percentile limits, showing within which area air particles spent 25, 50, 75, and 90% of their tiine during the 120 hours before arriving on Sajama.
In the following section we discuss the main synoptic weather situations that led to snowfall on Sajama during summer 1996/1997. On the basis of midtropospheric composite and anomaly fields of wind and geopotential height, 5 day back trajectories and transit time analysis, we classified all episodes into four groups (see Table 1 ). Where classification was not possible based on these parameters alone, addi- 
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VUILLE ET AL.: ATMOSPHERIC CIRCULATION O~R SAJAMA ICE CAP tional information was used (i.e., composite ~d anomaly fit:!ld~ of atmospheric thickness, horizontal divergence, air temperature, relative humidity, and precipitable water). Because of the limited number of episodes (n = 17) this classification was done subjectively, based on the above mentioned information, trying to minimize within-group variability and maximize variabillty between groups. A longer time period th~ only one rainy season would be necessary to apply mlJI~ tivari~te 'classification analysis, for example, cluster analysis [e.g~ Moody and Samson, 1989; Harris afuJ Kahl, 1990; Dorling et al., 1992] .
Results
Long-Term Mean Circulation
The first part of this section focuses on the long-term mean climatology (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) during the sum!ller months of November to March over tropic~ South America, as derived from the NCEP data. As many comprehensive obserVational studies have been published on this issue [e.g. Virji, 1981; Nishizawa and Tanaka, 1983; Chu, 1985; Horel et aI., 1989; Jacobeit, 1992; Kousky and Kayano, 1994; Rao et al., 1996; Hastenrath, 1997] , we will concentrate on features relevant to precipitation over the Altiplano and pertinent to the anomaly fields presented in the next section. Figure 3 presents monthly mean wind and geopotential height patterris in the 400 hPa level (row A) and the 700 hPa level (row B), and temperature Ilnd relative, humidity in the 400 hPa level only (rows C and 0) for November, January, and March.
While strong meridion~l pressure arid temperature gradients and westerly winds dominate in November over the region of Sajama at the 400 hPa level, in January a well-defined warm core anticyclone develops (Figure 3, row A) . This warm core can be found in the midtropospb,eric temperature distribution as well as in the thickness pattern (400-700 hPa, not shown). The anticyclonic fl9W about the High is evident and wind speeds above Sajama are minimal. The proximity of the Bolivian High to the elevated inter-Andean Plateau (Altiplano) is obvious and explains why this possible relationship has drawn so much attention. Uowever, this po~ition is a climatological mean and does not show the significant variations it experiences in its position and intensity. The High deflects the westerly flow and influences the strength of the subtropical jet to the south of the anticyclone, while weak easterlies extend to the north of it. The trough to the east of the High, often referred to as the Nordeste Low and dyriamically linked with the Bolivian High [Lenters and Cook, 1997] , is not evident in the midlfopospherj,c circulation and can only be assumed from the temperathre distribution (Figure 3 , row C), showing relatively cold temperatures over NE Brazil. In March the High over the AltiplIWo is no longer So pronounced as in January and is longitudinally stretcbed. It is important to note that the maXimum geopotential height does not represent the region of maximum horizontal wind divergence. Regions of high divergerice are instead located throughout the region, the strongest being to the southeast of the Bolivian High (not s/;lown). Humidity values show a relative maximum over the northern Altiplano in all months (Figure 3, row D) , associated with the moist air advection and rising motion over the Altiplano surface. Other relative humidity maxima are located over the Amazon Basin throughout the summer. The location of Sajama within the strong humidity gradient toward the dry atmosphere over the Pacific Ocean to the SE is noteworthy, resulting in a sensitivity to slight shifts in this p~ttem. _ At the lower level (700 hPa), the atmospheric circulation is dominated by the South Atlantic High, extending deeply into interior Brazil (Figure 3, fOW B) . In January the trade winds in the equatorial AtlantiC; penetrate into the Amazon region and then tum anticyclonic e~t of the mountains to flow southward and southeastward, toward a not very well defined low in the central parts of the continent near 200-25°S, known as the Chaco Low. The thermal character of this heat lo~ is evident in the low-level temperature pattern throughollt the summer (not shown). The anticyclonic tum is caused by the Andes ~d leads to a strong northwesterly flow a10ng the eastern Andean slope [e.g., Virji, 1981; Gandu and Geisler, 1991] . This low-level jet is an important and effective transport mechaitism for. the southward moisture flux from' the Amazon Bllsin tQwar<l higher latitudes [Nogues,Paegle lind Mo, 19971 . An extended zone of low-level convergence, known as the South Atlantic Convergence Zone (SACZ) is oriented northwest to soutlleast in the sUbtropics near the coast of southeast Brazil, projecting into the adjoining South Atlantic Ocean.
1996/1997 Snowfall Episolles
The classification of summer snowfall events on Sajama resulted in four groUps (coded A-D; see Table 1 ). In the following section the midtropospheric circulation is pr!,!sented baSed on composites for each group. (Figures 4-7) . Again, only the situation in the 400 hPa and 700 hPa levels" are shown; as 400 and 500 hPa levels have very similar characteristics. Figure 4 sp-ows the composite for the weather pattern of group' A, being the most frequent synoptic situation overall (eight events). The midtropospheric circulation is domin~ted by the Boiivian High, centered slightly northeast of the Altiplano. The wind and pressure situation in the 400 hPa level (Figure 4a ) very much resembles the long-term mean pattern for'January (Figure 3, row A) ; however, the gro~p A situation was most frequent during December (see Table 1 ). Wind speeds were very low over the Altiplano, with anticyclonic rotation about the High at the 400 hPa level, but westerly winds rapidly increased toward the south. In genei~, the geopoteIlti~ height pattern features very little anomalies compared wi~ the long-term mean (Figure 4b ), sh()wing that Gompo~ite A is a very typical situation during s~)Uthern hemisphere summer. The temperature and the thickness pattern (400-700 hPa) show the warm core to the east of the Altiplario, while slightly negative temperature anomalies prevail in most of the tropics (Figures 4e-4f) . Divergence an()malies are rather insignificant at the 400 hPa level, further confirming the typical nature of this event (Figure 4h ). The 700 hPa wind and geopotential height pattern is also very similar to the long-term mean, with only minor anoinalies (Figures 4c-4d) . Enhanced easterlies over the Amazon Basin and a strollger jet to the east of the Andes are most pronQunced during 01, D2, 11, J4, and M3 (not shown). Low horizontal wind velocities in both levels, divergellce in the 400 hPa level (low positive anomaly), and convergence in the 700 hPa level (not shown) indicate the vertical motion and the convective nature of precipitation events related to group A. Relative humidity is higher than normal over the AltiplanO, while most of tropical South America exhibits a rather dry midtroposphere (Figure 4g ). NCEP humidity and divergence patterns have to be interpreted with caution however, as they sometimes bear little resemblance with reality in the southern hemisphere. The exact position of the maximum geopotential height in the 400 hPa level varies slightly between the events assigned to this group but always remains over the broader Altiplano region. Aceituno and Mimtecifios [1993] reported that precipitation over the Altiplano is significantly higher when the Bolivian High is intensified and displaced to the south. However, all events within this category accounted for considerable amounts of snow on Sajama (see Table 1 In mid-January a different situation prevailed, leading to two major snowfall events, clustered in group B (see Table 1 ). Figure 5 shows the composite for this weather pattern. The high-pressure system is centered off the South American coast over the subtropical Pacific, to the southwest of its climatological position (Figure 5a ). Positive thickness and temperature anomalies characterize this midtropcspheric warm core (Figures 5e-5f ). On its eastern side an anomalous southeasterly flow prevails over the southern part of the Altiplano, and strong upper air divergence dominates over most of the central Andes. The coincidence of divergence and positive humidity anomalies at the 400 hPa level over the central An-"-. "I:
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-f) atm. thickness 400 -700 hPa ~ des is noteworthy (Figures 5g-5h ). Again divergence, atmospheric thickness, geopotential height, and wind patterns indicate strong vertical motion over the Altiplano, to the NE of the high-pressure system. However, in comparison with group A, stronger winds at both levels suggest more horizontal moisture influx. Southeasterly flow, as shown by the 400 hPa level wind pattern, was indeed predominant at the summit during this period (H98). The low-level wind pattern ( Figure  5c ) suggests moisture influx from the north and wind convergence (not shown) to the east of the Andes. It is noteworthy that Jacobeit [1992] found a very similar pattern, with an anticyclonic vortex off the Pacific coast and divergence to the NE of it, to be the first principle component in his analysis of atmospheric circulation during wet periods over the Altiplano in the 200 hPa level. The third group (C) is represented in Figure 6 by a composite of the atmospheric conditions that prevailed during most of February and during two events in March (see Table  1 ). Again, the synoptic situation can best be characterized by the positioning of the Bolivian High. The location of the maximum in geopotential height at the 400 hPa level is clearly anomalous, far to the south over the subtropical part of the continent. The meridional pressure gradient between tropical and subtropical South America is completely reversed, leading to unusually strong easterly winds avec the southern Altiplano (Figures 6a-6b) . It is important to nOle that this general enhancement in the easterly flow occurs in all pressure levels, although to a lesser degree in the lower atmosphere. The divergence pattern reveals enhan ced convergence in the 400 hPa level over the Altiplano (Figure 6h ). The strong easterly wind anomalies in all levels, and the fact that major vertical motion cannot take place under these conditions, suggests enhanced moisture advection from the east (Figures 6b and 6d ). Temperature and thickness patterns (Figures 6e-6f) 
S. Discussion
The differences in transport history between the four synoptic situations A-D are best revealed by looking at the com- (Figures 8a-8b ). The air particles in the 400 hPa level spent most of their last 5 days before reaching Sajama in a very limited area over the summit. No long-range transport or upper air advection of humidity occurred. These patterns are characteristic of strong convection processes over the Altiplano and moist air advection in lower levels. With regard to the stable isotope composition of the snow, a strongly depleted signal seems most likely as the humid air masses must have experienced significant precipitation and reevaporation processes, associated with loss of heavy isotopes during a slow transport toward Sajama. The main difference between groups A and B is the somewhat extended area toward the southeast during situation B (Figure 8b ), suggesting some enhanced moisture influx from this area in upper levels. The transit time plots for groups C and D, however, reveal a very different situation. Figure 8c shows the strong easterly upper level flow, with the 90% isoline extending across subtropical South America toward the Atlantic Ocean. A significant and fast moisture influx from remote regions must have occurred during these events, transporting air particles from the tropical South Atlantic toward Sajama within 5 days. Such rapid transport mechanisms from source to receptor with.in a few days could result in quite a different stable isotope signal, even though precipitation during transfort might have occurred. In general a significantly higher 0' 0 value would be expected in the snow layers related to these events. The same is true for the single event N1, forming group D (Fignre 8d). Again, a transport over several thousand kilometers occurs at the 400 hPa level during the last 5 days before arrival on Sajama. However, the northerly flow and the convergence of winds from the NE and the NW over the central Andes (Figure 7h ) further complicate the story_ Single 5 day back trajectories at the 400 hPa level (not shown) suggest influx from the NW during the first few days, then switching toward the NE during the second half of the event In addition to influencing the isotopic composition, differences in atmospheric circulation during these events will also produce variability in the chemistry and particulate concentration of the snow. These analyses demonstrate that all snowfall events except Nl can be characterized by the relative deviation of the maximum of geopotential height in the 400 hPa level. While the Bolivian High was located over the Altiplano during the events belonging to group A (December 1996, end of January and middle of March 1997), it was displaced toward the southwest during mid-January 1997 (group B) and toward the south during February and the beginning and end of March (group C). A comparison of the position of the Bolivian High with its long-term mean reveals these rather unusual disloca--tions ( Figure 9 ). As shown, these southern and southwestern positions are very favorable for the development of precipitation events over the Altiplano and provide the main explanation for the unusually wet 1996/1997 rainy season.
6_ Summary and Conclusion
In order to improve the calibration of an ice core recently recovered from Sajama ice cap, Bolivia, this study reveals the main atmospheric features related to precipitation events on the Altiplano during the southern hentisphere summer. On the basis of the analysis of midtropospheric circulation associated with 17 precipitation events recorded on the Sajama volcano during the 199611997 summer season, four major synoptic situations were distinguished. While highly convective situations prevailed during most of December and January, significant moisture influx from remote areas, particularly to the east, occurred during February and most of March, as indicated by transit time analysis at the 400 hPa leveL The differ-ent synoptic situations can best be distinguished by the change in the position of the maximum geopotential height in the 400 hPa level (Bolivian High). The unusual position of this high-pressure system is the main reason for the anomalously high precipitation amounts over most of the Altiplano.
The varying transport history of air particles before their arrival on Sajama influences the geochemical and stable isotope composition of snow, accumulating on the ice cap. It is therefore a prerequisite to analyze the transport mechanisms involved in order to establish a sound relationship. This study provides evidence that highly variable conditions can attribute to snowfall on Sajama during the summer months; analysis on the basis of single events is therefore necessary. Accordingly, earlier model attempts assuming constant and similar atmospheric conditions associated with summer snowfall in the tropical Andes may not be applicable to the Sajama region.
As this study continues and will include winter snowfall events and additional years, even more circulation patterns associated with snowfall on Sajama might be revealed. Together with the geochemical analysis of snow layers associated with these events, a more accurate ice core calibration will then be possible.
